1. The polygyny threshold (PT) is a critical transition point in the sexual selection process for many organisms in natural populations, characterizing when females choose to mate with an already mated male over an unmated one to improve fitness. Understanding its causes and consequences is therefore of high interest. While both theoretical and empirical work suggest that the degree of polygyny within a species is plastic and a function of male inequality, the functional relationship between underlying availability of resources occupied by breeding males under variable climatic conditions and the dynamics of PTs across space and time has received less attention. 2. Here, we use a standardized measure of male mating inequality as the culmination of female mate choices to analyse how spatially dynamic PTs in a naturally regulated feral horse (Equus ferus caballus) population emerge along a geographic gradient in a known, limiting resource (freshwater) each year from variable climatic conditions. Polygyny threshold distance from permanent freshwater increased with increasing precipitation during the breeding season of each year, suggesting a relationship between annual resource availability and female mate choice. 3. The mechanism by which climatic conditions underpin the spatial dynamics of PTs was likely through precipitation providing ephemeral freshwater sources across the study area that effectively weakened the gradient in availability of permanent freshwater, thereby providing mating males that occupied home ranges far from permanent water with access to this limiting resource and enabling them to attract and retain females. Increased precipitation also coincided with a decreased proportion of males in the population that experienced sexual selection pressure attributed to female mate choice in relation to the acquisition and/or defence of freshwater sources. 4. Climatic conditions caused spatial shifts in PTs annually along the geographic gradient in resource availability. Our findings reveal that such environmental gradients may either buffer or amplify impacts of climatic variation on selection pressure operating in natural populations, and emphasize the importance of integrating spatially explicit PTs with atmospheric fluctuations when predicting the effect of climatic change on selection processes within populations that occupy environmental gradients.
Introduction
A major focus in ecology is to understand the causes of mating inequality, as differential fitness between mated individuals comprises one of the most conspicuous aspects of demography (Krause 1994; Fedorka & Mousseau 2004) . Female mate choice represents a major evolutionary driver of the dispersion of females among mated males, and hence the strength of polygyny (Pickeral et al. 1993) , with the associated cost of breeding with a particular male being largely determined by resource availability (Byers, Byers & Dunn 2006; Simmons & Kvarnemo 2006; Miller & Svensson 2014) . Despite the widespread view that male use of resources represents an evolutionary balance between natural and sexual selection and that environmental cycles create optimal times to mate in order for females to avoid polygyny costs (Lutnesky & Kosaki 1995) , we still have much to learn about the roles of resources and climate in shaping the polygynous mating process across space and time within populations (West & Packer 2002; Gosden & Svensson 2008; Siepielski et al. 2011 Siepielski et al. , 2013 .
Variation in resource availability can alter natural and sexual selection pressures operating on the local abundances of males and females, leading to variable costs for mate searching (Byers, Byers & Dunn 2006) as well as sex ratios across environmental gradients (Manning, Medill & McLoughlin 2015) . For instance, environments with lower resource availability likely confer greater survival costs for defending large harems due to reduced access to required resources (Clutton-Brock, Price & MacColl 1992; Krause 1994; Ortega, Guerrero & Maldonado 2008) . However, low resource environments might also affect the degree of polygyny by increasing costs associated with searching for, assessing, and defending mates, as well as altering the information content of sexual signals between males and females (Jennions & Petrie 1997; Byers, Byers & Dunn 2006) . Moreover, resource limitation can increase differential fitness returns among individuals, particularly between dominant and subordinate individuals (Magurran & Seghers 1991; Krause 1994) . If the costs incurred are less than benefits gained from a polygynous relationship, then mating inequality is expected, polygyny is favoured and can evolve, and the difference in habitat quality that triggers this shift towards a polygynous relationship regarded as a 'polygyny threshold', hereafter 'PT' (Verner & Willson 1966; Orians 1969; Pribil & Searcy 2001) . Thus, gradients in habitat quality may underlie female dispersion and PTs, with important implications for population divergence and speciation (Maan & Seehausen 2011) , as well as form the basis from which we might expect an explicit link between the dispersion of local resources and geographic variation in the strength of polygyny in natural populations.
Female dispersion is measured at the population level as the variance in female numbers among mated males (V harem ; Wade & Shuster 2004) . When harem sizes are not randomly distributed, V harem is calculated as kH, where H is the mean number of mates per mated male (i.e. harem size) and k is the standardized variance in female dispersion among mated males (i.e. male mating inequality; Wade & Shuster 2004) . Embracing the notion that female mate choice is largely attributed to differential resource quality among male territories (Verner & Willson 1966; Orians 1969) , we extend the application of this standardized metric to the PT concept by determining where along an environmental gradient the standardized variance in female dispersion transitions from male mating equality to inequality (i.e. when/where k reaches unity; k = V harem /H = 1).
This transition point where females become clustered (underdispersed) around particular males along an environmental gradient therefore constitutes the culmination of female mate choices and a theoretical increase in sexual selection pressure on male traits related to the acquisition and/or defence of a limiting resource (Byers, Byers & Dunn 2006; Simmons & Kvarnemo 2006; Miller & Svensson 2014) . Importantly, a key prediction is that females are overdispersed among mating males along the environmental gradient when k is <1, whereas areas where k > 1 indicate that females are clustered around particular males, providing a theoretical basis to quantitatively measure and map spatially explicit PTs derived from female dispersion across environmental gradients occupied by a population.
Spatial and temporal dispersion of resources in models of sexual selection may involve cases where PTs vary spatially and temporally in a single population according to changes in the distribution of resources. Thus, the standardized variance in male mating inequality not only provides a measure by which we can extend the PT concept to the population level but linking it to locations of breeding groups and resources distributed across a population may also reveal geographic patterns in female dispersion and determine where changes in male mating inequality and PT boundaries (or PT distances if resource availability is gauged by distance from that resource) emerge across landscapes (Fig. 1) .
To address this, here we test whether spatially and/or temporally dynamic resources underlie the presence of and spatial shifts in PTs and the proportion of males that undergo selection pressure in a naturally regulated, feral horse population (Equus ferus caballus) at Sable Island National Park Reserve, Nova Scotia, Canada. Feral horses are polygynous, forming stable, year-round social and breeding groups (bands) consisting of a dominant male (stallion) with a harem of females, and are tenacious to undefended home ranges that overlap those of other bands (Berger 1986; Linklater et al. 1999) . Like many mammals, mate choice is expressed by both sexes, with males competing for and defending females, while females exhibit direct competition for mating opportunities (Berger 1986; Powell 2008 ). Males do not possess ornaments and there is little or no sexual dimorphism (Berger 1986) , indicating the importance of resource quality in female mate choice. Because the reproductive success of female feral horses is expected to be limited by access to resources needed for reproduction (Trivers 1972) , especially freshwater (Berger 1986) , feral horses, like the Asiatic wild horse compete for freshwater and have well-defined home ranges centred near water holes (Mohr 1971; Stevens 1988 ). As such, horses located at an increasing distance from permanent freshwater become increasingly reliant on ephemeral sources that are maintained by summer rainfall in this system ) and other island systems (Rubenstein 1981) . As with many wild populations, Sable Island horses experience fluctuating temperatures and rainfall between breeding seasons, with summer rainfall interacting with the gradient in permanent freshwater available to horses across the island's length (Contasti et al. 2012; Manning, Medill & McLoughlin 2015) , providing a unique opportunity to investigate spatial and temporal shifts in PTs across this resource gradient.
Through linear modelling, we quantified spatially explicit PTs by using repeated measurements of polygyny at varying distances from a limiting resource (freshwater), which afforded a unique opportunity to estimate where along a resource gradient a PT emerges each breeding season. We then used this spatially explicit PT distance as the dependent variable in subsequent linear models to test whether PTs shift across space and time according to yearly fluctuations in climate and/or internal population processes. We predicted that differences in availability of freshwater in male home ranges farther from permanent water lead to an underdispersion of females among particular males, whereas equal access to water among males in close proximity to permanent ponds was expected to result in equally large, overdispersed harems. Placing PTs in a geographic context through time further enabled us to test predictions that PT distances from permanent water would increase and the proportion of the male population under selection pressure attributed to female dispersion (i.e. females clustered around particular males) would decrease with increased summer precipitation.
Materials and methods

study system and organism
We studied the dynamics of PTs in feral horses on Sable Island, an emergent sandbar 49 km long by 1Á5 km wide, located 275 km southeast of Halifax, Nova Scotia, Canada (43°55 0 N, 60°00 0 W;
The island is ≤30 m in height, and lies within a temperate oceanic climate supporting treeless grasslands, hummocky heaths and barren dunes (Contasti et al. 2012) . Sable Island presents a simplified system without competitors, predators or horse management (Contasti et al. 2012; Manning, Medill & McLoughlin 2015) , with horses introduced in the mid-1700s (Welsh 1975) . Abundances of male and female horses in this system vary spatially and temporally across the island (Contasti et al. 2012; van Beest et al. 2014; Manning, Medill & McLoughlin 2015) . Males tend harems throughout much of the year, with agonistic interactions and defecation-marking occurring yearround (Welsh 1975; Hoffmann 1985; Berger 1986; Asa 1999) . Female horses are seasonally polyestrus, including a post-parturition 'foal heat' and subsequent oestrous cycles in the absence of pregnancy (Crowell-Davis 2007) , and have an anovulatory period from late fall to mid-late winter. Parturition ranges from April through October, with highest frequency in May and June (Lucas, Raeside & Betteridge 1991) . Females are always associated with harems, and harem composition is generally stable, with annual dispersal of females between harems occurring at rates of only 0Á16 for adult females and ≤0Á34 for 1-3-year-old 'nonbreeding' females, with a tendency for dispersal rates to increase with density and harem size (Marjam€ aki et al. 2013) .
Longitudinal gradients in forage and availability of permanent freshwater exist along the island's length and underlie spatially varying demographic rates, density-dependent habitat selection processes and social dynamics (Contasti et al. 2012 Robinson et al. 2012; Marjam€ aki et al. 2013; van Beest et al. 2014) . Although forage can also influence equine social systems (Rubenstein 1981) , as well as density (Manning, Medill & McLoughlin 2015) , it has not been found to be strongly related to adult sex ratios in this system (Manning, Medill & McLoughlin 2015) . Our previous work also revealed that local adult female abundance declined with increased distance from permanent freshwater, and increases in adult sex ratio emerged during years with greater summer precipitation (Manning, Medill & McLoughlin 2015) . Equally as important, it is not necessarily the amount of water surface that is available in this system, but rather access (i.e. distance) to a consistent source that underpins demographic rates Manning, Medill & McLoughlin 2015) , providing a foundation for us to investigate freshwater availability as an ultimate cause of asymmetrical dispersion of females across space and time.
individual-based field sampling
We conducted direct observations of individual horses via systematic ground (walking) surveys of the entire island during the mid-late breeding season (May-September, principally July and August) of 2008-2013 using a standardized, mark-resight sampling approach (McClintock et al. 2009 ). This period of year corresponded to the latter half of female parturition events on Sable Island (Welsh 1975) and thus the peak in subsequent oestrus events. Each annual survey consisted of a series of 8-10-day island-wide censuses, and all members of the population (n = 559 horses in 2013) were located, identified and followed (801 life histories from 2008 to 2013, n = 14,347 locations) during each census. Each observation consisted of recording the sex, age, reproductive status, group affiliation and location with a hand-held Global Positioning System (AE5 m error); we also recorded photographs and data on facial features and other distinguishing marks to identify new and resighted individuals. Each horse was observed 5 AE 2 times (mean AE 1 SD) a breeding season, which provided a highly accurate average annual resighting probability (1 -probability of missing a living horse >99%).
estimates of pts and female reproduction
Breeding season-specific PT distances
We calculated female dispersion among males from locations of 395 breeding-age females (≥2 years old) affiliated with harems (n = 52, 58, 73, 73, 79 and 86 harems in 2008 through 2013, respectively) . Thus, we assumed that harem size reflected the culmination of individual female mate choices prior to our observations. As our primary aim was to investigate gradients in freshwater availability on spatial variation in PTs across space and breeding seasons, we first measured the Euclidean distance (km) from each harem's annual centroid of space use to the closest freshwater pond by using an existing digital data set of pond locations (Contasti et al. 2012) in ArcGIS 10.1 (ESRI, Redlands, CA, USA). For each season, we grouped harems according to similarity in centroid distances from freshwater and calculated the variance in female abundance among mating males (V harem ) at increasing distance from water. We estimated the PT distance for each of i breeding seasons separately by first modelling k i [the standardized variance in female dispersion or male mating inequality (Wade & Shuster 2004) ], as a function of the distance from freshwater D i as a fixed effect (k i = k min + aD i ), where k min is the minimum level of female dispersion among males within the ith breeding season and a is the rate in which female dispersion (intensity of polygyny) changes with D i . We then solved for D i when k i = 1 (i.e. 1 represents unity in dispersion of females among males), hence solving for the PT distance from water (
Female reproduction across the PT
We examined whether reproduction (defined here as probability of producing a foal that survived through the duration of summer of observation; that is, excluding in utero and early losses of foals) of females in binned groups of underdispersed harems was equal to or greater than that of females in overdispersed harems (Verner & Willson 1966) . For each binned group of harems, we calculated the probability that a female would reproduce, and used the corresponding distance from water to assign each bin to one of two dispersion classes each year as: (i) overdispersed (k i < 1; n = 244), or (ii) underdispersed (k i > 1; n = 91). We then used a two-way ANOVA with Type III sums of squares and orthogonal contrasts in the R (R Development Core Team 2013) package car (Fox & Weisberg 2014) to test for differences in female reproduction (Arcsine square root transformed) between classes and among breeding seasons. No interaction between seasons and dispersion was detected (Type III SS F 4 = 0Á47, P = 0Á76); hence, we used Type II sums of squares with orthogonal contrasts to improve our power in testing for main effects.
Shifts in PTs
Having described variation in female dispersion across space and breeding seasons, we then tested whether inter-annual fluctuations in island-wide demographics and/or weather conditions anticipated to influence availability of ephemeral water sources affected PT distances from permanent freshwater. Here, we used adult sex ratio (number of males ≥4 years old/[males ≥4 years old + females ≥2 years old]) from the entire population and mean number of females per harem each breeding season, as both can influence breeding systems and sexual selection (Lehtonen & Kokko 2012; Sz ekely, Weissing & Komdeur 2014) . We also used winter North Atlantic Oscillation (NAO) values [geometric mean across January, February and March: higher NAO index values generally reflect milder winters in southeast Canada (Hurrell 1995) ] and local weather variables of summer rainfall and temperature (collected at an Environment Canada weather station on Sable Island). We calculated total precipitation (cm) and mean maximum daily temperature (Celsius) each summer (June, July and August). We evaluated the importance of these variables on variation in PT distances in a multiple regression framework, and used second-order Akaike information criterion weights (w AICc ; Burnham & Anderson 2002) to quantify the support of single-factor linear models (each containing one of the variables listed above) using the R packages AICcmodavg (Mazerolle 2014 ) and bbmle (Bolker 2014) . Here, the model with the highest w AICc infers the environmental or demographic variable which best described the inter-annual variation in the PT distance from freshwater.
Male selection pressure
Female dispersion in response to environmental gradients and weather conditions is only one element required to assess the ecological dynamics of sexual selection in natural populations, as the consequences of environmental gradients on selection will also inevitably translate into the proportion of individuals in a population the undergoes selection pressure. Therefore, we examined whether changes in PT distance from freshwater reflected the proportion of the population that undergoes male selection each season. For this, we used a linear regression model, in which the proportion of the male breeding population (Arcsine square root transformed) that resided in the region where females were underdispersed (k > 1) each year was the dependent variable, and the variable determined above to be the best predictor of PT distance was included as the fixed effect. Space use by harems may shift from 1 year to the next according to local resources and density, and thus female dispersion may or may not translate to equivalent shifts in the proportion of the population under male selection. If the proportion of breeding males in the population that resides in the region where females are underdispersed is consistent from 1 year to the next, then the proportion of the population under male selection is likely to remain constant regardless of changes in the predictor of PT distance. If the proportion changes significantly according to the demographic or environmental variable, then the rate of change in relation to that variable is informative.
We also examined whether the proportion of breeding seasons in areas of the island where females were clustered around particular males (k > 1), which equates to the temporal intensity of male selection pressure, changed with distance from freshwater. We used a linear regression model for proportion of years an area of the island extending beyond the PT distance experienced male selection pressure (Arcsine square root transformed), with distance from freshwater as the fixed effect. We used five annual measures of PT distances (2008) (2009) (2010) (2011) (2012) recorded from 335 harems, and did not include the 2013 breeding season because the distance in that year extended to the edge of the island (i.e. females were overdispersed among males across the entire population). If selection pressure is constant among years across the island, then the proportion of time when females are clustered around particular males is likely to remain consistent across breeding seasons.
Results
polygyny thresholds and female productivity
Island-wide abundance of horses and number of harems steadily increased through time, while mean harem size and adult sex ratio varied through time (Fig. 2) . Polygyny threshold distance from permanent water changed across breeding seasons, ranging from 2Á0 to 24Á0 km (mean interbreeding season D k=1 = 8Á85 km, SD = 7Á82), with the farthest distance extending beyond the 24-km island boundary in 2013 (Figs 3 and 4) , indicating that females were overdispersed among mating males across the entire population during that breeding season. Our two-way ANOVA revealed no evidence of differences in the probability of females reproducing between breeding seasons (Type II SS F 4 = 1Á68, P = 0Á15) or between under-and overdispersed bins of harems on either side of the PT distance (Type II SS F 1 = 0Á04, P = 0Á84), that is, females were equivalent between under-and overdispersed groups of harems.
elements associated with spatial shifts in polygyny thresholds
We found that the distance and direction of spatial shifts in PTs from permanent water across breeding seasons was determined largely by total summer precipitation (linear summer precipitation model: w AICc = 0Á84), indicating that the PT distance in this system represents a composite variable that expresses the joint effects of distance from permanent water and total summer precipitation. Polygyny threshold distance increased from water at a rate of 1Á2 km for every 1-cm increase in total summer precipitation (R 2 = 0Á67, F 1,4 = 8Á15, P = 0Á04; Fig. 5a ). We found no evidence that winter NAO index or mean daily summer temperature influenced PT distance (all w AICc s ≤0Á04; Table 1 ). We also found no evidence that demographic elements (number of females per harem and adult sex ratio) influenced the threshold distance (all w AICc s ≤0Á05; Table 1 ).
male selection pressure
The proportion of breeding males that reside in the geographic region beyond the PT where females are underdispersed varied among breeding seasons (Fig. 5b) .
In associating this variation with total summer precipitation, we show that the proportion of the population under male selection pressure via female mate choice decreased by 3Á7% for every 1-cm increase in total summer precipitation (R 2 = 0Á74, F 1,4 = 11Á16, P = 0Á03; Fig. 5b ).
The proportion of breeding seasons where females were clustered around particular males varied with distance from permanent water (Fig. 6) ; specifically, the proportion of seasons rose by 11% for every 1-km increase in distance from permanent water (R 2 = 0Á91, F 1,3 = 29Á01, P = 0Á01; Fig. 6 ). This finding suggests that the relationship between female mate choice and distance from permanent water reflects population-level variation in the intensity of male selection pressure among breeding seasons.
Discussion
Although female mate choice is recognized as an important selective force acting on males (Andersson & Simmons 2006) , the processes involving environmental gradients and weather fluctuations that underlie variable intensities of polygyny attributed to female choice are often overlooked in studies of sexual selection (Sz ekely, Weissing & Komdeur 2014). We found that the strength of polygyny in a naturally regulated population of horses not only varied with distance from a limiting resource (fresh water), but that this spatial distribution in the intensity of polygyny changed between breeding seasons in response to annual fluctuations in summer weather. Furthermore, our data identified a probable underlying mechanism for this relationship. Areas distant from permanent freshwater had relatively lower water-table levels, which directly affects time budgets of horses that must excavate holes to obtain water that restricts habitat selection (Rozen-Rechels et al. 2015) . Analogous to resourcedefence systems (Brown, Crespi & Choe 1997; Shuster & Wade 2003) , these water holes are defended by stallions when their band acquires water, and access is often determined by agonistic interactions (Rozen-Rechels et al. Canada (2008 Canada ( -2013 . Polygyny threshold distance from water calculated as ( mating males in these regions. Our results demonstrate that the individual-level responses associated with mate choice to resource gradients and weather fluctuations are potentially rapid and plastic, and this should be an important consideration in future studies of sexual selection across taxa.
The consequences of mate choice on PT distances also varied across space and breeding seasons. We suspect that this was because the environment influenced the relationship between quality of male habitat (in terms of distance from water) and female mate choice. This spatiotemporally dynamic process reflected variation in habitat quality among males that is determined by position along the longitudinal gradient in availability of permanent freshwater and inter-annual fluctuations in total summer precipitation. In line with our prediction under drought conditions, low amounts of summer precipitation decreased the PT distance from permanent freshwater, thereby increasing the geographic extent of the population where females are choosier at selecting mates. As such, our results also suggest that more mesic summers favour a pattern of increasing PT distances away from permanent water that expand the geographic extent across the island where males occupy relatively similar, mesic habitatsleading to an increased number of harem-holding males in the population that have relatively higher, yet equal numbers of mates.
The apparent fitness benefit associated with choosing a polygynous relationship that equalized annual female reproduction on either side of the PT distance fits with expectations of the PT hypothesis (Verner & Willson 1966; Orians 1969) . This finding was expected despite the potential for horses to exhibit alternative mating strategies because the occurrence of such strategies is rare (Berger 1986; Linklater et al. 1999 ) and likely to have been equally distributed on either side of PTs, and there is strong selection pressure for stable, long-term stallionmare relationships (Linklater et al. 1999) . By extension, the variation in habitat quality along the environmental gradient could provide a foundation for a divergence in female choice that has the potential to drive speciation (Robinson et al. 2012) . Our findings thus provide a simple hypothesis that may explain the potential for evolutionary dynamics in this population, and suggest that the availability of freshwater may influence whether mate choice will act as a selective force that reinforces spatial and temporal variation in the relationship between male habitat quality and female reproduction.
Although our estimates of harem productivity suggest that females choose between mates according to the level of polygyny and habitat quality (Verner & Willson 1966) , we did not measure male secondary sexual characteristics, fitness consequences of female dispersion among mating males or agonistic interactions between males or females. Thus, we did not assess the consequences of rapid changes in the opportunity for selection in males on male secondary sexual characteristics (Møller & Sz ep 2005) . A next step will be to disentangle the different male traits that may interact with environmental variation to drive the process leading to female mate choice in a natural population. Such analyses will enable us to determine which male traits that underpin female mate choice may likely change in response to changes in the proportion of the population that undergoes sexual selection pressure under projected climate change scenarios.
Summer drought conditions have been linked to diminished female mate searching in other ungulates (Byers, Byers & Dunn 2006 ), and we observed that different segments of the Sable Island horse population under the current climate experience varying degrees of freshwater availability along this environmental gradient, which favour diverging degrees of female mate choice and sexual selection, both of which should increase the resilience of this population from extinction (Lumley et al. 2015) . Additionally, our findings supported our prediction that increased summer precipitation would reduce the proportion of males under selection pressure, raising interesting questions regarding how directional climate change may interact with the gradient in freshwater availability to influence the opportunity for male selection, particularly because precipitation along the maritime provinces of eastern Canada is predicted to increase by c. 5% every 30 years throughout the 21st century (Bourque, Hassan & Swift 2010 ). In conclusion, because changes in the variation of breeding success can influence behaviour in and demography of populations, and mate choice is presumed to act as a directional selective force that can lead to speciation under a limited range of environmental conditions (Storz, Bhat & Kunz 2001; Laporte & Charlesworth 2002; Ardren & Kapuscinski 2003; Twiss et al. 2007) , shifts in environmental factors that underlie changes in the opportunity for male selection along environmental gradients may have profound effects on the evolutionary dynamics of populations.
